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Mass variations in terrestrial water storage (TWS) obtained from eight years of satellite
data from the Gravity Recovery and Climate Experiment (GRACE) are used to describe low
frequency TWS through Empirical Orthogonal Function (EOF) analysis. Results of the sec-
ond seasonal EOF mode show the influence of the Meiyu season. Annual variability is
clearly shown in the precipitation distribution over China, and two new patterns of
interannual variability are presented for the first time from observations, where two
periods of abrupt acceleration are seen in 2004 and 2008. GRACE successfully measures
drought events in southern China, and in this respect, an association with the Arctic
Oscillation and El Nino-Southern Oscillation is discussed. This study demonstrates the
unique potential of satellite gravity measurements in monitoring TWS variations and
large-scale severe drought in China.
© 2016, Institute of Seismology, China Earthquake Administration, etc. Production and
hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Understanding variations in terrestrial water storage (TWS)
is necessary for effective water management planning.
Although it is known that a number of climate feedbackEarthquake Geodesy, Ins
ng K.).
ute of Seismology, China
er on behalf of KeAi
na Earthquake Administr
ss article under the CC BYmechanisms are linked to changes in TWS, the role of large-
scale climatechanges inTWSbalancehasnotyet beenclarified.
Theoretically, TWS is usually expressed as the residual part
between precipitation (P) and the sum of evapo-transpiration
(ET) and runoff (R), which can be expressed as TWS ¼ P-R-ET.titute of Seismology, China Earthquake Administration, Wuhan
Earthquake Administration.
ation, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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waterstored insoil, snow, surfacewater, andgroundreservoirs,
and therefore, an accurate estimation of changes in TWS relies
on accurate measurements of the P, ET, and R [1].
Climatology indexes, such as the Palmer Drought Severity
Index (PDSI) [2], are used to quantify the severity of drought or
of wet conditions for water resources management. In
addition, changes in TWS values can be determined by
numerical model estimates or by in situ measurements.
However, model estimates have a limited accuracy,
particularly at interannual time scales or longer, and in situ
measurements are made using point measurements, which
do not represent a homogenous sample at sufficient spatial
and temporal scales [3]. For example, in China, the majority
of gauges with long records tend to be located in the eastern
region, while their distribution is scarce in the western
region. Therefore, there is no existing observation network
that has an adequate temporal and spatial resolution and
that can accurately estimate TWS changes either at regional-
to-continental scales or on interannual or longer time scales.
Since its successful launch in March 2002, the National
Aeronautics and Space Administration (NASA) and German
Aerospace Center Gravity Recovery and Climate Experiment
(GRACE) has been measuring the Earth's gravity field at
monthly intervals (approximately) [4]. After atmospheric and
oceanic contributions are removed by a de-aliasing process
using background models, variations in the monthly gravity
field mainly reflect changes in TWS. Pre-published results
have demonstrated that the accuracy of GRACE is high
enough to detect surface mass variations corresponding to
hydrological loads of 1 cm at monthly and longer time scales,
with horizontal dimensions of hundreds of kilometers and
larger [5]. The use of GRACE data in determining continental
hydrology [6], postglacial rebound [7], mass balance of polar
ice [8], seismic activities [9], and mass transport in the oceans
[10] has been widely demonstrated. Some of the applications
of GRACE have been used in China, but most have been
centered on areas of special interest, such as Three Gorges
[11] and the Huabei plain [12], and such areas are
characterized by significantly linear mass variations.
However, no applications have been used to analyze TWS
over the area of China as an organic whole.
As enhanced GRACE estimates due to processing method
improvements and a longer observation period, it allows us to
better present the basic characteristics of the meso-scale
spatial and the low frequency TWS variability. The objective
of this study, therefore, is to understand the GRACE signal in
China in terms of water mass variations over an 8-year period
from January 2003 to December 2010. It is considered that by
firstly deriving the characteristic spatiotemporal morphology
of surface mass anomalies that are traceable in China, future
improvements can be made in the management of water
resources on a continental scale.2. GRACE data and equivalent water
thickness
In this study, we use 96 monthly unconstrained GRACE
gravity fields, recorded over an 8-year period from January2003 to December 2010, as provided by the release-04 GRACE
solutions from the Center for Space Research, University of
Texas at Austin (CSR-RL04). Each monthly mean field is rep-
resented by normalized spherical harmonic (SH) coefficients
to degree and order 60. The secular rates of certain low degree
harmonics (such as C21, S21, and C30) that are removed in the
standard RL04 processing have been restored. Additionally,
geocenter estimates have been replaced with those from
Swenson [13], and C20 has been replaced with measurements
from satellite laser ranging [14]. To minimize spatial noise, we
apply amodified two-steps filteringmethod used in Chambers
[15]. We retain the lower 12  12 portion of the coefficients,
and fit a 5th order polynomial of an even or odd set for a
given order (known as P5M12) to remove the correlated
noise at SH orders that cause “stripes” in the maps, as first
noted by Swenson and Wahr [16], and then apply a 350 km
Gaussian filter to further suppress the remaining spatial
noise. The mean of the solutions is then removed to obtain
the time-variable gravity field, and the effects of postglacial
rebound (PGR) are subsequently modeled and removed from
the GRACE time series using Wang's mode l [17].
The next step is to convert the residual geoid anomaly
coefficients dUnm and dVnm into equivalent water height















where k0n is the elastic Love load number, and n and m are the
harmonic degree and order of the SH coefficients, respec-
tively; Dt is the time epoch; R is the Earth's mean radius
(6371 km); rave is the average density of the Earth, 5517 kg/m
3;
rw is the mean density of water (1000 kg/m
3).
We have accounted for the effect of periodic signals due to
S2 and K2 tides, which have cycles of 161 and 1362.7 days,
respectively, through the least squares fit. It is known that any
filter will introduce an attenuation of the signal amplitude and
annual phase shifts [19], and that acknowledging this
occurrence is crucial when calibrating hydrological models,
as such a phenomenon should be avoided. Therefore, to
restore the loss of amplitude, a corresponding factor of each
surface mass grid point is computed [20]. Firstly, we use
global surface water storage grids from the GLDAS/Noah
(Global Land Data Assimilation System) model as TWS fields
over land, and ocean bottom pressure (OBP) estimated from
the Estimating the Circulation and Climate of the Ocean
(ECCO, model version kf080) to obtain global synthetic fields.
This is then expanded to 120 SH, and truncated to 60 as
CSR RL04. The same filter is then applied to SH, and
converted back into surface grids. For every grid points, a
factor is obtained for minimizing the root mean square of
the residual with the non-filtered time series. Finally, the
time series of each surface mass grid point from GRACE is
multiplied by the corresponding factor.
Data from the months of June 2003 and January 2004 are
not available (due to GRACE data gaps), and we therefore
predict the results using a weighted least squares fit param-
eterizing the mean, trend, annual cosine, and sine compo-
nents. Regions such as Hainan, Taiwan, Hong Kong, and other
small islands are excluded in the analysis, as Empirical
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and temporally. Finally, on the basis of the full grid period, we
calculate the climatologically monthly means from January to
December, and then apply seasonal variability from the EOF
analysis to this field. The seasonal cycle signal was removed
for the interannual EOF analysis by dealing only with the
residual time series. Here, the covariance matrix is used for
calculating the eigenvalues and eigenvectors.3. Results
3.1. Seasonal variability of TWS in China
Fig. 1a shows the first EOF loading vector (LV1) map, which
represents TWS seasonal variability and accounts for 71.05%
of the total variance. The spatial structure of LV1
demonstrates latitudinal variations in rainfall distribution.
For example, the Himalaya Mountains and Yunnan Province
in South China have the largest loading and receive large
amounts of rainfall. Regions such as western Guangdong,
Guangxi, Hunan, Hubei, and Jiangxi provinces have the
second largest value. However, the only positive region in
northern China is in Liaoning Province, while western Gansu
and the most northern province of Xinjiang have a more
moderate negative loading compared to southern China.
Furthermore, arid regions such as the Taklimakan desert
and the Gurbantunggut desert, show a near zero amplitude,Fig. 1 e First seasonal EOF of TWS from GRACE.indicating minimal rainfall. The corresponding principal
component (PC) time series is shown in Fig. 1b, where a
clear annual signal can be observed with a major maximum
occurring from July to October within one year.
The spatial pattern and time series of the second seasonal
loading vector (LV2, Fig. 2a) are shown in Fig. 2b, and account
for 23.95% of the total variance. It can be seen that there is an
evident see-saw fluctuation pattern in eastern China, a
negative center located around 115 E, 35.5 N, and a positive
center at around 112 E, 26.5 N. The time series of this
mode shows a maximum during March to July, which
strongly correlates with the Meiyu season.
3.2. Interannual and decadal variability of TWS in
China
The low-frequency TWS variability in China is connected
to signals represented in both the first and second EOFmodes.
The first mode explains 28.12% of the total variance (see the
loading vector in Fig. 3a and the PC time series in Fig. 3b), and
represents amainly linear trend over the eight years analyzed.
Comparedwith the trendmap shown in Zhong [21] (Fig. 1), the
results here show clearer characteristics of a strong mass
increase of approximately 25 mm in Qinghai, Sichuan
provinces, a well-centered mass decrease of about 50 mm in
the most northeastern Himalayan mountains, a sharp
decrease in the eastern Himalayan glacial, a smaller mass
decrease of 40 mm over the Tianshan glacial area, and
25 mm in southern Guangxi and Guangdong provinces. A
seasonal ManneKendall trend test [22] was directly appliedFig. 2 e Second seasonal EOF of TWS from GRACE.
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linear trends in the above-mentioned areas are statistically
at the 95% level, and that the spatial distribution shows a
good agreement with the first loading vector. This indicates
that our results successfully catch the primary trend signal
during the EOF decomposition. If we take a closer look at the
time series, it is possible to see that an acceleration rate
occurs in 2004 and 2008, but there is a moderate rate during
other years. Such an occurrence may be related to extreme
heavy flooding, such as the snow disaster in South China in
the beginning of 2008.
The secondmode accounts for 14.82% of the total variance,
as shown in Fig. 4a, where the loading vector shows a typical
positive loading in Yunnan Province. This explains 14.82% of
the data variance, which therefore passes the significance
test. From the associated time series, we can see that there
are three obvious peaks (Fig. 4b): two lowest time points
occur during the summer of 2006 and the autumn of 2009,
and one high point occurs late in 2008. This can be possibly
explained by the drought recorded from June to August 2006
and from autumn 2009 to spring 2010, and by the
continuous autumn rain process occurring in 2008,
respectively.
Although it is hard to separate the third EOFmode from the
noise present in the data, the loading vector (Fig. 5 Mode1)
mainly shows a north-south seesaw-like pattern. It shows a
strong quasi-biennial variability of TWS in the range of 2e3
years associated with ENSO events. There are evident
positive anomalies south of the Yangtze River, with a
maximum exceeding 80 mm in southern Jiangxi Province. In
contrast, the northern Yangtze River (centered at theFig. 3 e First interannual EOF for the TWS from GRACE.
Fig. 4 e Second interannual EOF for the TWS from GRACE.boundaries between Shanxi and Henan provinces) is a
negative anomaly region, with the lowest value of 90 mm
or thereabouts.4. Discussion
4.1. Verification of monthly mass changes using
GeoForschungsZentrum and hydrological models
It has previously been verified that the results of GRACE
TWS are affected by the use of the post-processing filter [23].
Therefore, to confirm the above low-frequency signals, it is
necessary to use other independent data to verify the
results. Here, in order to validate the CSR's results showed
above, we used another GRACE product produced by
GeoForschungsZentrum (GFZ) and two state-of-the-art
global hydrology models (the WaterGAP Global Hydrology
Model (WGHM) [24] and Climate Prediction Center (CPC) [25]).
Fig. 5 e Loading vector of the first twomodes from (left to right) GRACE, WGHM, and CPC over China. a, b, c are Mode 1; d, e, f
are Mode 2. The explained variance is given in each map as a percentage of the total variance.
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seasonal TWS variability in China; the loading vectors and
time series according to the inter-annual and decadal TWS
variability are shown in Fig. 5. For GFZ, the EOF patterns in
EOF1 match reasonably well with the CSR results, except
that minimal differences in the intensities of TWS can be
seen in the GFZ data; an example of this is the seesaw
structure in eastern China (where the center of GFZ is at
54 mm (39 mm) in the northern (southern) part but 49 mm
(48) in CSR). In EOF2, the amplitude of CSR is considerably
larger (47 mm) than that of GFZ (28 mm), and the spatial
structure is similar, but there is a less favorable
correspondence in relation to the low-frequency TWS
variability between the two models and CSR. However, the
dominant seesaw structure in EOF1 is similarly captured by
the WGHM and CPC, but significant scopes are restricted to
smaller areas.
Fig. 6 shows a comparison of the PC time series. TWS from
GFZ tends to match that of the CSR data better than the
models in terms of a lower root-mean-square difference as
well as a higher correlation. Among the two models, WGHM
has a better performance in PC1, and CPC performs better in
PC2. These differences can be related to various factors. (1)
CSR and GFZ data are processed using different techniques
and background assumptions, and although we applied the
same post processing to both, errors may remain in the
residuals. (2) GRACE is sensitive to mass variability that is
not achievable using land surface models, and this is
potentially in relation to surface water stored in lakes,rivers, reservoirs, and snow. Any difference in the
precipitation input, which is the most important driving
force, can cause differences in model outputs, and
deficiencies in this respect can propagate and cause a
considerable discrepancy between the results of models and
that of GRACE TWS. (3) It is also important to mention that
distinct temporal patterns belonging to different periods are
not necessarily mapped into separate modes using EOF
decomposition. Therefore, different PC time series that exist
between the models and GRACE may be caused by the
different spatial EOF patterns to which they are connected.
However, different versions of GRACE data show the same
signal, which can also be captured by models, and therefore,
the signal cannot be attributed to a GRACE artifact.
4.2. Climatological background of second interannual
mode
Fig. 4b shows the second TWS time series centered over
Yunnan Province, which is associated with three droughts,
and the monthly indices of the Arctic Oscillation (AO) and El
Nino-Southern Oscillation (ENSO) (smoothed with a 6-month
low-pass filter). The Southern Oscillation Index (SOI) is
used as a description of the ENSO phase. Monthly SOI values
were obtained from the Climate Prediction Centre of the
National Oceanic and Atmospheric Administration (http://
www.cpc.noaa.gov/data/indices), and negative and positive
SOI values indicate El Ni~no (EN) and La Ni~na (LN) events,
respectively. The AO index is obtained from (www.cpc.noaa.
Fig. 6 e a and b: Modes 1 and 2 of EOF decomposition of interannual TWS from GRACE, GFZ,WGHM, and CPC for China. c and
d: Taylor diagrams [29] summarizing normalized statistics of a comparison between simulated TWS anomalies fromWGHM
and CPC and the observed TWS anomalies from GRACE-GFZ for China relative to GRACE-CSR.
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Correlation coefficients for EN and LN events are 0.45 and 0.43,
respectively, during the entire analysis period. In particular,
the signal modulation closely follows the AO for 2003e2006
with a significant correlation of 0.37, but this alters to 0.59
for 2007e2010. However, the correlation between SOI and
the second PCs disappears for the first period and is 0.54 for
the later period (Fig. 4bec), which indicates that the main
reason for the first two droughts is the influence of the AO
and that the last (most serious) drought was related to a
combination of the influence of both the AO and ENSO. This
suggests that the 2009/2010 severe droughts were not a local
phenomenon but were a global signal. This concept also
supports the results of Jing Yang [26], who considered that
the AO and EN were two potential causes of the drought
over southwestern China; this is clearly reflected here in the
GRACE data.
To explore the characteristics of the climatic conditions
associated with the 2009/2010 drought, we calculated the
anomalies of 500-hpa geopotential heights, vertically inte-
grated moisture transport [27], and precipitation. Here we
determined the eight-year drought period average as the
climatology and took it as reference field, while the
anomalies were defined as the departures from the
climatology. In this respect, we represented the drought
period as a combination of September, October, and
November (SON) and December, January, and February (DJF)
when the drought occurred from 2009 to 2010 (results are
shown in Fig. 7). We then observed that in comparison withthe reference period, the location of the western Pacific
Subtropical High (WPSH) (which is characterized by the 5875
isoline) had an evident westward extension and a much
larger scope (Fig. 7c). The westward extension is located near
100 E, which is about20 further west than in normal years.
In addition, the 500 hpa geopotential height anomalies also
showed positive anomalies (10e20 gpm) over the Bay of
Bengal, blocking the water vapor transported from the South
China Sea and the Bay of Bengal. Fig. 7a shows the
background climate mean water vapor transport, which is
mainly linked to the westerlies. However, during the drought
period it is characterized by a cyclone center located in
southern China (Fig. 7b). It also shows reduced water vapor
transport in Yunnan Province, which accords with the
reduced amount of precipitation in this area (shown in
Fig. 7d). Although further discussion on the mechanism
involved in the 2009/2010 drought is beyond the scope of the
current research, we stress here that the drought pattern
clearly correlates with the TWS pattern observed by GRACE.
4.3. Long term signals in three typical areas
The first EOF pattern, which is shown above, mainly rep-
resents the long-term spatial distribution. We show here
seasonal ManneKendall and t-test results, which reveal that
the linear trends above are significant. We are interested in
the change in the average GRACE TWS time series in signifi-
cant areas in both Figs. 3a and 8, and to further investigate this
we select three sub-regions: North China: 108e115 E,
Fig. 7 e Atmospheric conditions related to the 2009/2010 drought event: ae Vertically integrated climate mean (2003e2010
average) SON/DJF water vapor transport. Colors indicate the magnitude of the moisture flux vector. be Anomalies of
vertically integrated water vapor transport in kg/m/s for the 2009/2010 drought event. ceAnomalies of 500 hpa geopotential
height; grey lines stand for the climate mean 5875 isoline, blue lines for the 2009/2010 drought event. de Anomalies of
precipitation for 2009/2010 drought event relative to its climate mean.
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 6 , 4 4 4e4 5 245035e38 N; the Yangtze River Basin: 115e122 E, 26e30 N; and
Qinghai: 91e97 E, 34e37 N. A cosine of latitude weighting
was then applied to each grid point to calculate the average
time series for each area, and the results are shown in Fig. 5b.Fig. 8 e ae Grey-shaded areas show regions where the linear t
ManneKendall test and t-test, which accounts for serial correla
the three blocked areas in left graph.For North China (Fig. 5), a significantly decreasing trend of
10.87 mm/a occurred between 2003 and 2010. An abrupt
acceleration occurs (the linear rate is 72.7 mm/a) in late
2003, and a moderate period then begins in mid-2005 (with arend is significant at the 95% level based on a seasonal
tion in time series [30]. be time series of TWS according to
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 6 , 4 4 4e4 5 2 451linear rate of 3.87 mm/a). A second abrupt acceleration then
occurs in late 2007 (linear rate of 60.24 mm/a). These
changing processes appear to occur over a period of
approximately two years, and although this partly accords
with the results of Zhong [21], our results show a more
clearly linear result; this is considered to be partly due to the
much shorter period used by Zhong [21]. The second turning
point in late 2007 has not previously been presented in
studies related to TWS variability in China. It is interesting
to note that the abrupt change in TWS also occurred in the
Yangtze River Basin and in Qinghai Province, which was
out-of-phase (Ding [28] noted this phenomenon over a
longer time scale). This result is significant, as it indicates
the following two points. First, South China is becoming
wetter and North China is becoming dryer. Although the
TWS of them (Fig. 8b) have a quasi-similar accelerating time
point, they are under controlled by a global climate system.
For TWS in North China, overuse of groundwater has an
additional effect, but this is not the main reason of the large
decreasing trend. The second point is that although recent
data from GRACE show that it is able to observe total TWS, it
is necessary to acquire data over a longer time period to
obtain quantification of the linear trend of TWS variation in
China as it is likely that using an abrupt time interval as the
normal case considerably magnifies the actual rate.5. Conclusion
In this study, meso-scale spatial anomaly patterns of TWS
and their longer-term low frequency time evolution occurring
between January 2003 and December 2010 in China were
investigated using satellite gravity data spanning eight years.
This study presents some of the meso-scale features in this
respect, and TWS interannual variability is presented in an
EOF decomposition for the first time. The main results ob-
tained from EOF analysis are presented below.
The first seasonal EOF mode clearly shows TWS seasonal
variability responding to seasonal fluctuations of overlaying
precipitation, as presented in previous studies. In addition,
the Meiyu season is presented in the second seasonal EOF
mode. The second interannual EOF mode shows that drought
events occurred in 2004, 2005, and 2009/2010 in southern
China, which implies that these serious southern droughts
were associated with both ENSO and AO events for their exist
significant correlation among them. It is of note that these are
the first drought events to be observed by GRACE in China.
Extremely interesting spatial patterns of year-to-year and
interannual variability, and their corresponding time evolu-
tion, are shown for the first time in the GRACE data, and this
facilitates consideration of TWS variation in China as an
organic whole. The first interannual EOF mode shows that an
abrupt acceleration occurs in years 2004 and 2008, and that
more modest changes occurs in the middle of these periods.
This mode also shows that TWS was affected by two accel-
erated phenomenon in three selected areas, which indicates
that these areas may be influenced by a similar global climate
system. However, to better understand linearmass changes in
China, a longer and improved GRACE accuracy time series is
most certainly required.Acknowledgments
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